Manganese (Mn) is an essential trace nutrient for organisms because of its role in cofactoring enzymes and providing protection against reactive oxygen species (ROS). Many bacteria require manganese to form pathogenic or symbiotic interactions with eukaryotic host cells. However, excess manganese is toxic, requiring cells to have manganese export mechanisms. Bacteria are currently known to possess two widely distributed classes of manganese export proteins, MntP and MntE, but other types of transporters likely exist. Moreover, the structure and function of MntP is not well understood. Here, we characterized the role of three structurally related proteins known or predicted to be involved in manganese transport in bacteria from the MntP, UPF0016, and TerC families. These studies used computational analysis to analyze phylogeny and structure, physiological assays to test sensitivity to high levels of manganese and ROS, and inductively coupled plasma-mass spectrometry (ICP-MS) to measure metal levels. We found that MntP alters cellular resistance to ROS. Moreover, we used extensive computational analyses and phenotypic assays to identify amino acids required for MntP activity. These negatively charged residues likely serve to directly bind manganese and transport it from the cytoplasm through the membrane. We further characterized two other potential manganese transporters associated with a Mn-sensing riboswitch and found that the UPF0016 family of proteins has manganese export activity. We provide here the first phenotypic and biochemical evidence for the role of Alx, a member of the TerC family, in manganese homeostasis. It does not appear to export manganese, but rather it intriguingly facilitates an increase in intracellular manganese concentration.
These findings expand the available knowledge about the identity and mechanisms of manganese homeostasis proteins across bacteria and show that proximity to a Mn-responsive riboswitch can be used to identify new components of the manganese homeostasis machinery.
Transition metals are essential for life, as they play important roles as enzyme cofactors and structural components of proteins and RNAs. Reflecting this fact, one-third of the proteomes of organisms from bacteria to humans consist of metalloproteins (1, 2) . In bacteria, metal availability is intimately involved in pathogenesis. Bacteria unable to maintain proper metal homeostasis are less virulent, and mammalian hosts actively seek to withhold essential metals from invading bacteria (3, 4) . Yet in excess, metals are toxic to cells. This toxicity typically results from metal-dependent oxidative damage (e.g. the Fenton reaction) and/or the displacement of cognate metals from their binding sites by the metal that is in excess (3, (5) (6) (7) (8) . Thus, cells have a battery of metal importers, exporters, sequestration factors, and regulators to carefully control the intracellular level of each metal (1, 2, 9, 10) .
Of the transition metals, manganese is particularly important for cells experiencing oxidative stress. Manganese aids in detoxifying reactive oxygen species (ROS) 5 through at least three independent mechanisms: by serving as a cofactor for enzymes like Mn-SOD that break down ROS, by forming lowmolecular-weight complexes with small molecules that nonenzymatically degrade ROS, and by transiently replacing iron in the active sites of certain enzymes to avoid oxidative damage to the proteins (3, 11, 12) . It also serves as an enzyme cofactor for diverse enzymes important for cell metabolism (13, 14) . These roles make manganese of prime importance in situations where bacteria encounter high levels of ROS, such as during interactions with eukaryotic host cells during pathogenesis and symbiosis.
However, high levels of manganese are toxic. Overaccumulation of manganese is often correlated with deficiencies in other metal pools. This can then cause mismetallation of regulatory transcription factors and key enzymes, affecting growth, sensitivity to ROS, and virulence (3, 6, (15) (16) (17) (18) . For example, in Escherichia coli, excess intracellular manganese results in aberrantly low levels of iron through the action of Mn-Fur (ferric uptake regulator), which shuts down iron uptake. Heme-containing enzymes are no longer active, and cells cease to grow (15) . Therefore, cells need to have mechanisms, including manganese exporters, to withstand high environmental manganese and to control protein metallation in the cytoplasm.
Cells possess robust manganese homeostasis systems that control intracellular manganese levels to prevent toxicity while maintaining sufficient manganese levels. Two main types of manganese exporters have been identified in bacteria: MntE, a cation diffuser facilitator (CDF) family protein; and MntP, with a 6-transmembrane helix topology typical of the so-called LysE superfamily of transporters (19 -24) . Both classes of exporters are broadly conserved and represented across bacteria. A third class of potential manganese exporter is represented by the CtpC protein of Mycobacterium tuberculosis, a P-type ATPase that transports manganese and/or zinc (25, 26) . Additionally, there are two main types of manganese importers: MntH, which uses the proton motive force to power uptake of manganese; and an ABC cassette importer known in Gammaproteobacteria as SitABCD (3, 9, 10, 14) . The expression of these genes is typically regulated by the MntR transcription factor, which upon binding of manganese undergoes a conformational change that allows it to bind DNA (10, 14, 18) . Laboratory strains of E. coli possess the MntH importer, the MntP exporter, and two other genes regulated by MntR: dps, which encodes the metal-binding ferritin family protein and mntS, which encodes a small protein (27) .
Manganese exporters are critical for proper manganese homeostasis and cell function. In the absence of either of the manganese exporters mntE or mntP, bacteria are highly sensitive to manganese stress, accumulate excess intracellular manganese, and are less pathogenic (19 -22, 28) . The CtpC manganese/zinc exporter also contributes to M. tuberculosis virulence (25, 26) . The MntE exporter protein has been well-characterized: its structure has been modeled, and the amino acids contributing to its function and metal specificity have been determined (5, 19, 28 -30) . In contrast, little is known about the MntP exporter protein. Its structure, the amino acids involved in transporting manganese, and the mechanism of metal specificity remain unknown.
Although the MntP protein remains relatively uncharacterized, the regulation of mntP gene expression has been deciphered. In E. coli, the mntP gene has been shown to be transcriptionally and post-transcriptionally regulated by manganese levels through the transcription MntR factor and the yybP-ykoY riboswitch (20, 31) . The yybP-ykoY riboswitch directly and specifically binds manganese and regulates gene expression by ribosome-binding site sequestration or termination/antitermination mechanism in different organisms (31, 32) . Intriguingly, the yybP-ykoY riboswitch is very broadly conserved across bacteria, suggesting an important role for manganese homeostasis. Bioinformatic analysis of the genes associated with the yybP-ykoY riboswitch revealed 27 protein families, most of which remain biochemically uncharacterized (31) . Of these, 10 protein families are predicted to be membrane proteins with conserved charged residues in the transmembrane regions, indicative of ion transport. We predicted that one or more of these proteins may be novel manganese exporters (31) . In a more recent survey of 2774 prokaryotic genomes, with representatives from across major prokaryotic lineages characterized to date, we found that only 28.7% have a predicted mntP gene, suggesting that there might be alternative manganese transporters.
In this study, we set out to characterize the structure and function of the MntP protein as well as identify new manganese exporters across bacteria. Using several different growth assays, we identified essential amino acids for MntP activity, including highly conserved Asp and Glu residues that likely create the negatively charged binding surface for the manganese cation. We also showed that unregulated MntP activity contributes to oxidative stress. Additionally, we investigated the best candidates for novel manganese exporters among the uncharacterized genes genomically linked to the yybP-ykoY riboswitch. Consequently, we found that MneA, a member of the UPF0016 family, is a new type of manganese exporter. In contrast, under similar test conditions, we were unable to obtain evidence that Alx, a member of the TerC family, is directly involved in manganese efflux. Rather, Alx leads to manganese import.
Results

MntP provides robust manganese resistance and affects resistance to ROS
MntP is required for growth of E. coli and other bacteria in high manganese conditions (20 -22) . We have shown previously that ⌬mntP cells lacking the MntP exporter cannot grow in the presence of 1 mM MnCl 2 on plates or 0.5 mM MnCl 2 in liquid culture (15, 20) . To further define the amount of manganese tolerated by the wild type and the ⌬mntP strain, we tested a range of manganese concentrations using several quantitative assays. These assays showed that the ⌬mntP strain can only tolerate up to ϳ0.1 mM supplemental MnCl 2 , whereas a strain producing MntP can grow in the presence of up to ϳ5 mM MnCl 2 ( Fig. 1, A-C) . Wildtype E. coli cells typically contain ϳ5-15 M manganese, whereas ⌬mntP cells accumulate ϳ50 M manganese (15, 20, 33, 34) . This suggests that in a wildtype strain background, MntP confers a resistance to a 50-fold excess of supplemental manganese (5 mM supplemental MnCl 2 to 0.1 mM supplemental MnCl 2 ) and can reduce intracellular manganese levels by 500-fold (5 mM extracellular concentration to 10 M intracellular concentration).
We also sought to identify other growth-based phenotypes for mntP. As manganese is intimately linked to the ability to withstand ROS, we wondered whether MntP modulates the ability to survive ROS stress. We examined this by testing whether MntP expression affected the growth of a strain that accumulates high levels of hydrogen peroxide.
The well-characterized Hpx Ϫ strain (⌬ahpCF ⌬katG ⌬katE) lacks three enzymes that scavenge hydrogen peroxide and accumulate millimolar levels of hydrogen peroxide (35) . High levels of manganese are required by Hpx Ϫ cells to withstand the elevated levels of hydrogen peroxide. Indeed, Hpx Ϫ cells without the MntH manganese importer cannot grow aerobically (33) . To avoid anaerobic pre-growth of cultures before growth assays, we used a strain lacking two of the hydrogen peroxidedegrading enzymes (⌬ahpCF ⌬katG) and pre-grew strains in the presence of pyruvate (a ROS scavenger) and MnCl 2 (to aid in ROS detoxification). In this sensitized strain background, we reasoned that excess MntP would lead to the efflux of manganese and consequently an inability to grow.
We deleted the mntP gene in this sensitized strain background (⌬ahpCF ⌬katG) and monitored the ability of MntP to cause a cessation of growth. Cells were grown into log phase initially in M9 minimal medium with glucose and supplemental pyruvate and MnCl 2 to promote growth. Cells were then collected by centrifugation, washed, and resuspended in M9 medium without pyruvate and MnCl 2 to allow intracellular ROS to accumulate. Arabinose was included to induce protein production. We observed that the sensitized ⌬mntP strain with the empty vector was able to grow. However, the cells producing MntP protein stopped growing upon induction of MntP expression in the presence of high concentrations of ROS (Fig.  1D ). This observation demonstrates that MntP production affects resistance to reactive oxygen species.
Identification of conserved residues required for activity of the MntP family
The regulation of the mntP gene is well understood, but less is known about the structure and function of the MntP protein. Accordingly, we carried out a computational analysis of the MntP protein using a combination of sequence-profile searches, profile-profile comparisons, and transmembrane (TM) topology prediction. The MntP protein possesses six TM helices with characteristic conserved charged amino acids ( Fig. 2A) . Profile-profile comparisons confirmed that MntP belonged to the LysE superfamily of transporters. Further, they showed that the six-helical members of this family have emerged from the tandem duplication of a core ancestral unit with three membrane-spanning ␣-helices. Importantly, they also revealed that within this superfamily, MntP formed a higher-order clade with the following distinct families: 1) MntP; 2) a cadmium resistance transporter (Cad); 3) the UPF0016 family; 4) the TerC family; and 5) the iron-lead transporter (ILT) family (Fig. 2B) . All of these families are unified by the presence of a highly conserved acidic residue (Asp or Glu) inside the first TM helix of each of the core trihelical units ( Fig. 2A) , which is absent in all other families of the LysE superfamily, including LysE itself. The characterized members of this higher-order clade (MntP, Cad, TerC, and ILT) are all implicated in transporting heavy metals/metalloids across membranes, suggesting that a common mechanism is used across this clade in this process. A, cells lacking mntP show pronounced sensitivity to manganese at external levels above 0.1 mM in LB medium. 10-fold serial dilutions of mid-exponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector or pBAD24-MntP (pLW132) were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . B, dilutions of mid-exponential-phase cultures of the strains from A were spread onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 , and viable colonyforming units were counted for each dose of MnCl 2 . C, mid-exponentialphase cultures of the strains from A were diluted into LB medium containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 , and cell growth was monitored after 6 h. D, cells ectopically producing MntP under conditions of oxidative stress show a pronounced growth defect. Exponential-phase cultures of ⌬mntP ⌬ahpCF ⌬katG cells (RDZ5) bearing the pBAD24 empty vector or pBAD24-MntP (pLW132) were grown in M9 minimal medium with 0.2% arabinose and 150 g/ml ampicillin. For B and C, the error bars indicate the standard deviations from three replicates of one experiment. For all panels, the data are representative of at least three independent experiments.
A comprehensive multiple sequence alignment of 3078 MntP orthologs from diverse bacterial lineages predicted high functional importance for the two acidic residues from the first helix of each of the trihelical units (Asp-16 and Asp-118 in E. coli). We inferred that these characteristic acidic residues from each of the two trihelical units that constitute the six-helix TM module of MntP are likely to support an intramembrane negatively charged pore that directs the efflux of the manganese cation. Additionally, it also allowed us to identify a few lessconserved acidic residues within or in the vicinity of the TM helices (Glu-35, Glu-47, and Glu-167 with 80, 95, and 90% conservation of polar residues, respectively) as having potential, although relatively less important, roles.
Charged transmembrane residues are essential for MntP activity in the manganese sensitivity assay
To test the predictions that Asp-16, Asp-118, Glu-35, Glu-47, and Glu-167 might interact with manganese in MntP, we mutated these acidic residues and other conserved amino acids and assayed the ability of the mutant MntP proteins to rescue ⌬mntP phenotypes. We made a panel of MntP mutants expressed from an inducible promoter on a plasmid and examined whether the MntP mutants could restore normal growth to a ⌬mntP strain grown with MnCl 2 (Fig. 3) .
Of the 14 mutants tested, five mutants were unable to fully rescue the ⌬mntP manganese growth defect. Consistent with our predictions, two mutants, D16A and D118A, were unable to grow at all on plates with 1 mM MnCl 2 (Fig. 3A) . These mutations completely abolished MntP functionality. Three mutants, E35A, E47A, and E167A, had intermediate phenotypes. The E47A mutant displayed a significant growth defect on plates with 1 mM MnCl 2 , whereas the E167A and E35A mutants complemented the ⌬mntP defect on plates with 1 mM MnCl 2 but only partially restored growth on plates with 5 mM MnCl 2 . These phenotypes were also observed in liquid culture, where the D16A and D118A mutants could not rescue the ⌬mntP growth defect at all (Fig. 3B) . As on the plates, the E47A mutant also displayed a severe growth defect, whereas the E167A Other residues predicted to contribute significantly to protein activity are shown with a blue star. The coloring is based on the consensus of the whole family alignment: "h" is for hydrophobic residues (ACFILMVWY (yellow)); "l" represents the aliphatic subset of the hydrophobic class (ILV (yellow)); "s" represents small residues (ACDGNPSTV (green)); "u" represents the tiny subclass of small residues (GAS (green)); "p" represents polar residues (CDEHKNQRST (blue)); "c" represents the charged subclass of polar residues (DEHKR (pink)); "-" represents the negative subclass of charged residues (DE); "o" represents alcoholic residues (ST (orange)); and "b" represents big residues (KFILMQRWYE (gray)). Any absolutely conserved residue is labeled and shaded red. B, phylogenetic profile of the higher-order clade within the LysE superfamily that includes MntP, UPF0016, TerC, CAD, and ILT.
F S L D S V I T A V G M --------A E H V E V M I T A V T I A I F I M M A S A E T I S --------S F
Analysis of manganese exporters across bacteria mutant had a moderate loss of growth and the E35A mutant had a mild growth defect discernable only at high-manganese concentrations (Fig. 3B) . Like the Asp-16 and Asp-118 residues, Glu-47 is located within TM helix-2 for the first trihelical unit. In contrast, Glu-167 is predicted to be close to the cytoplasmic end of TM helix-6, and Glu-35 is located in a predicted cytoplasmic loop between TM domains 1 and 2 ( Fig. 2A) .
To confirm that the inability of these five mutants to restore growth on manganese to the ⌬mntP strain was due to a defective MntP protein rather than a lack of expression, we created partially functional epitope-tagged versions that acted similarly in restoring growth on manganese to the ⌬mntP strain (Fig. 4A) and examined the levels of the tagged versions of the five mutants that displayed a phenotype (Fig. 4B) . We observed that all of these mutant MntP proteins were present at levels similar to the wildtype MntP expressed from the plasmid. Thus, each of these amino acids is required for full activity of the protein.
We also tested the effects of mutating eight other less conserved amino acids that could potentially coordinate manganese, including two His residues and a negatively charged patch of six Asp or Glu residues in the linker region between the two trihelical units. Each of these single mutants, as well as a triple mutant, showed no reduction in MntP activity, even on plates with 5 mM MnCl 2 (Fig. 3A) . These data indicate that only the strongly conserved acidic residues but not the less conserved His and negatively charged linker play a substantial role in manganese cation export.
Charged transmembrane residues are essential for MntP activity in the ROS sensitivity assay
We next tested whether these mntP alleles could confer a cessation of growth in the ROS-sensitized strain background (⌬ahpCF ⌬katG) (Fig. 5) . Because manganese is required in this strain to survive the high intracellular H 2 O 2 levels, production of the wildtype MntP caused a lack of growth (Fig. 1D) . Any mntP mutants that failed to halt growth would therefore be defective in MntP activity.
We observed similar phenotypes for the mutants in this reactive oxygen species sensitivity assay (Fig. 5) as for the manganese sensitivity assay (Fig. 3) . Cells producing the D16A and D118A MntP mutants were able to grow similarly to the cells with the empty vector, indicating a lack of manganese export. Strains bearing the E35A, E47A, and E167A mutant versions of MntP displayed an intermediate phenotype between strains with the empty vector or wildtype MntP. This suggests that these MntP proteins are only partially functional and, therefore, that these acidic amino acids contribute to activity. We noted that this phenotype was somewhat variable, possibly as a result of the significant oxidative stress that the cells experienced during pre-growth. Lastly, cells with the H29A or H70A mutation or with mutations in the negatively charged patch showed a lack of growth similar to cells with wildtype MntP, indicating robust manganese export and normal MntP activity.
Taken together, these results show that the Asp-16 and Asp-118 residues are strictly required for MntP manganese export, whereas the Glu-35, Glu-47, and Glu-167 residues contribute to MntP activity, and the His-29, His-70, and Asp-94 -Glu-98 residues are dispensable for MntP function.
The UPF0016 family proteins are predicted to be novel manganese exporters
Having characterized the MntP protein from E. coli, we next wondered if we could use these approaches to identify additional unknown manganese export proteins in E. coli or other bacteria. Because the mntP gene is regulated by a manganesesensing riboswitch element called yybP-ykoY (31, 32), we investigated whether any other genes preceded by this riboswitch could encode novel manganese exporters.
Of the 1294 bacterial strains analyzed that possessed the riboswitch, the yybP-ykoY riboswitch was frequently associated with four main protein families: TerC/Alx/YkoY (731 out of 763 strains), P-type ATPase (308 out of 312 strains), UPF0016, (328 out of 333 strains), and MntP (293 strains). These four families all possessed transmembrane regions with conserved charged amino acids, suggesting that these could be manganese exporters. Of these families, a previous study had suggested that the P-type ATPase might have a role in the export of manganese in firmicutes (32) . Both UPF0016 and TerC belong to the same higher-order clade of the LysE superfamily as MntP and share the conserved acidic residue in each of the core three-helix TM units (Fig. 2) . Hence, we decided to further investigate these as candidate manganese transporters. Notably, UPF0016 showed a mutually exclusive phyletic pattern with respect to MntP, indicating that it performs the same role as MntP (Fig. 9B) . This apparent functional equivalence predicted by comparative genomics made it the best candidate as an alternative manganese exporter.
UPF0016 family proteins occur either as just a single copy of the trihelical ancestral unit of the LysE superfamily or as duplicate copies of this unit in the same polypeptide. To identify potentially important functional residues, we prepared a comprehensive multiple sequence alignment of 424 UP0016 orthologs from phylogenetically diverse bacteria. This allowed us to identify, in addition to the highly conserved acidic residue in the first helix of the trihelical TM unit, two other conserved strongly charged/polar residues in each of the trihelical TM units (Fig. 2A) . The common evolutionary origin of MntP and UPF0016, along with similar conserved acidic residues in the first helix of the trihelical ancestral unit, suggested that UPF0016 like MntP might form a comparable transmembrane pore lined with acidic residues that direct the efflux of manganese cations.
Complementation and mutational analysis establishes UPF0016 family protein as a new manganese exporter MneA
We next tested whether UPF0016 proteins preceded by the yybP-ykoY riboswitch could export manganese out of cells. We cloned the genes for the UPF0016 protein from Streptomyces sp. SirexAA-E and Vibrio fischeri into a plasmid vector and examined whether they could rescue the observed manganese sensitivity and the ROS sensitivity growth defects of the E. coli ⌬mntP strain (Fig. 1) .
Upon exposure to manganese, we observed that the UPF0016 protein could indeed complement the ⌬mntP manganese sensitivity on plates and in liquid (Fig. 6, A and B) . This suggests that the UPF0016 protein represents a new class of manganese Analysis of manganese exporters across bacteria exporter. Indeed, while this work was in progress, the UPF0016 protein from V. cholerae was independently shown to export manganese and named MneA (36) . The mneA gene from Streptomyces could only rescue growth on plates up to 0.5 mM MnCl 2 , whereas the mneA gene from Vibrio could only fully restore growth up to 1 mM MnCl 2 , compared with the native mntP gene from E. coli, which allowed growth up to and beyond 2 mM MnCl 2 (Fig. 6A) . The reduced ability of the Streptomyces protein to complement the ⌬mntP manganese sensitivity is likely due to the greater evolutionary distance of Streptomyces from E. coli relative to Vibrio and E. coli.
We then examined whether MneA similar to MntP, also affected the sensitivity to reactive oxygen species. If expression of MneA caused a growth defect in the ROS-sensitized strain background, it would be additional evidence that MneA expression leads to a decrease in manganese levels. Indeed, we observed that expression of MneA in the ⌬ahpCF ⌬katG strain background caused a block in growth (Fig. 6C ) consistent with an ability to efflux manganese out of cells. Even supplemental manganese provided in the media could not rescue the growth defect (Fig. S1 ), further supporting a role for MneA as a robust manganese exporter. Figure 3 . Mutations in conserved, charged amino acids impair MntP activity and lead to manganese sensitivity. A, 10-fold serial dilutions of midexponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector, pBAD24-MntP (pLW132), or pBAD24-MntP with the specified amino acid mutations were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . The mutant pBAD24-MntP plasmids used were: pRZ1 (D16A), pRZ11 (H29A), pRZ2 (E35A), pPM1 (E47A), pPM3, (H70A), pRM2 (D93A), pRZ10 (D94A), pPM8 (E95A), pRZ12 (D96A), pPM9 (E97A), pPM10 (E98A), pRZ3 (D118A), pPM2 (E167A), and pRM3 (E94A,E95A,D96A). B, mid-exponential-phase cultures of the strains from A were diluted back into LB medium containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 , and cell growth was monitored after 6 h. For B, the error bars indicate the standard deviations from three replicates of one experiment. For all panels, the data are representative of at least three independent experiments.
Analysis of manganese exporters across bacteria
To validate that MneA was being produced in the heterologous E. coli system, we generated a partially functional epitopetagged version of MneA that restored growth on manganese to the ⌬mntP strain and observed that the MneA protein was present (Fig. 6, D and E) .
To test whether MneA could change the intracellular manganese levels, we carried out ICP-MS analysis from cells grown in Luria broth (LB) medium containing 0.5 mM MnCl 2 ( Table  1) . The ⌬mntP strain with the empty vector had an intracellular manganese concentration of 92 M, similar to previously observed levels (ϳ50 -100 M) (15, 20) . The ⌬mntP strain expressing MneA had 2.8-fold lower intracellular manganese (34 M), similar to the levels measured for WT strains with intact native mntP (ϳ15-25 M) (15, 20, 33) . These observations are consistent with robust manganese export by MneA.
Using ICP-MS analysis and growth assays, we also tested whether MneA contributed to the export of other metals. We measured the intracellular levels of zinc, copper, and nickel in cells grown in LB medium. Zinc levels were 1.5-fold lower, copper levels were 1.3-fold lower, and nickel levels were 1.2-fold lower in cells expressing MneA relative to cells with the empty vector (Table 2) . Moreover, when grown on LB plates containing various metals, ⌬mntP cells producing MneA did not show any increased resistance to calcium, cobalt, copper (II), iron (II) and (III), magnesium, nickel, or zinc at concentrations where control cells bearing the empty plasmid showed markedly slower growth (data not shown). These results are consistent with the activity of MneA being specific for manganese export.
We next examined the role of the highly conserved charged and polar amino acids in the predicted transmembrane domains of MneA. As was done for MntP, the residues were mutated to Ala, and the ability of the mutant Vibrio MneA proteins to rescue the manganese sensitivity of the ⌬mntP strain was tested. These included: E19A, D22A, and K23A, which lie inside the first helix of the first trihelical unit, and E116A, D119A, and T121A, which lie in the first helix of the second trihelical unit. We observed that none of the mutants was able to restore growth to the ⌬mntP strain on manganese plates (Fig. 7A) . Thus, all of the mutations completely abolished MneA activity in the manganese sensitivity assay, consistent with their strong conservation. To confirm expression of the mutant proteins, we created epitope-tagged versions of the mutants that acted equivalently to the untagged mutants and were unable to rescue the ⌬mntP growth defect (Fig. 7B) . All of the tagged mutant MneA proteins were present at levels similar to the wildtype MneA expressed from the plasmid (Fig. 7C) , indicating the importance of each amino acid for manganese export. These observations supported the hypothesis based on our sequence analysis and structure prediction that these residues line an intramembrane charged conduit for the passage of the manganese cation.
The TerC family protein Alx does not directly export manganese in LB medium
The TerC family of proteins is the group of open reading frames most frequently associated with the Mn-binding yybPykoY riboswitch and shares a specific common ancestry and conserved residues with MntP and MneA (Fig. 2B) . In E. coli, two paralogous copies of the yybP-ykoY riboswitch are present upstream of the genes mntP and alx, which encodes a TerC family protein. These riboswitches confer manganese induction to both genes (31 
Analysis of manganese exporters across bacteria
which show a strong mutually exclusive phyletic pattern, Alx tends to co-occur with either MneA or MntP, indicating that it has a distinct role compared with those exporters. To investigate the ability of Alx to affect manganese export, we also expressed Alx in the previously described ⌬mntP mutant strains. In the manganese sensitivity assay, we observed that the Alx protein could not restore growth on LB medium with high MnCl 2 to the ⌬mntP strain (Fig. 8, A and B) . To confirm that Alx was being produced, we examined the expression of an epitope-tagged version of Alx and observed that the Alx protein was indeed being expressed (Fig. 8, C and D) . Thus, Alx does not seem to play a role comparable to MntP in manganese export activity, at least under these growth conditions. Although initially surprising, these data are consistent with the inference from the phyletic pattern that Alx and MntP have separate functions in cells.
To gain further insight into the cellular function of Alx, we examined cells without alx. Expression of alx in E. coli is induced by high levels of manganese as well as by alkaline pH conditions (31, (37) (38) (39) ). Thus, we tested whether cells lacking alx would be less resistant to high MnCl 2 or to high pH conditions. Interestingly, ⌬alx cells grew similarly to wildtype cells on LB medium with various concentrations of MnCl 2 up to 4 mM and with varying pH values ranging from 7.0 to 8.5. Thus, ⌬alx cells did not display a sensitivity to high MnCl 2 , high pH, or both high MnCl 2 and high pH together. Moreover, ⌬alx ⌬mntP double deletion cells did not exhibit an enhanced sensitivity to MnCl 2 relative to ⌬mntP cells. (Fig. S1) .
To examine whether Alx expression could alter intracellular manganese levels, despite its not rescuing the manganese sensitivity as MntP and MneA did, we carried out ICP-MS analysis from cells grown in LB containing 0.5 mM MnCl 2 . Surprisingly, the ⌬mntP strain expressing Alx had a 4-fold higher intracellular concentration of manganese than the ⌬mntP strain with the empty vector (Table 1) . Thus, Alx expression leads to an increase in manganese levels in cells rather than a decrease, showing that it does not mediate manganese export. Rather it might function in an opposite capacity to enable manganese import.
We also examined whether Alx expression affected other metal levels by performing ICP-MS analysis from cells grown in LB medium. Relative to the ⌬mntP strain with the empty vector, the ⌬mntP strain expressing Alx had 1.8-fold lower levels of zinc, 1.2-fold lower levels of copper, and 1.1-fold higher levels of nickel (Table 2) . Zinc levels were significantly higher than previously observed (34) , which could be due to the strain background, the ⌬mntP mutation, or other factors. These results 
suggest that although Alx may slightly perturb zinc levels, its primary effect is on manganese homeostasis. When we examined the ability of the Alx protein to inhibit growth in the ROS-sensitized strain background (⌬ahpCF ⌬katG) in M9 minimal medium, we observed that expression of Alx did prevent growth, similar to the exporters MntP and MneA (Fig. 8E) . Also, like MntP and MneA, supplemental manganese provided in the media could not rescue the growth defect (Fig. S1 ). This may suggest that Alx affects manganese levels differently under the growth conditions used in this assay (M9 minimal versus LB medium used in the manganese sensitivity assay) or that induction of Alx results in a different physiological state from that which allows manganese to combat reactive oxygen species stress. Taken SirexAA-E (pJS1B) were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . B, mid-exponential-phase cultures of the strains from A were diluted back into LB medium containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 , and cell growth was monitored after 6 h. C, cells ectopically producing MneA under conditions of oxidative stress show a pronounced growth defect similar to those producing MntP. Exponential-phase cultures of ⌬mntP ⌬ahpCF ⌬katG cells (RDZ5) bearing the pBAD24 empty vector, pBAD24-MntP (pLW132), or pBAD24-MneA cloned from V. fischeri (pJS4B) were grown in M9 minimal medium with 0.2% arabinose and 150 g/ml ampicillin. D, 10-fold serial dilutions of mid-exponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector or pBAD24-MneA-SPA (pKS10) were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . E, Western blot analysis of MneA-SPA levels produced from ⌬mntP cells (MS047) shown in D. For B, the error bars indicate the standard deviations from three replicates of one experiment. For all panels, the data are representative of at least three independent experiments.
Table 1 Intracellular manganese levels in ⌬mntP cells with the indicated plasmids
Mid-exponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector, pBAD24-MneA (pJS4B), or pBAD24-Alx (pJS2B) were diluted into LB containing 0.2% arabinose, 150 g/ml ampicillin, and 0.5 mM MnCl 2 and grown for 2.5 h. Cells were harvested, washed, dried, and used to measure metal levels via ICP-MS. Intracellular metal concentrations were calculated by normalizing metal amounts by total protein levels to correct for mean cell volume. Data are the average of two trials with the indicated range.
Plasmid Manganese
M
Empty vector 92 Ϯ 8 pMneA 34 Ϯ 6 pAlx 364 Ϯ 31 Table 2 Intracellular metal levels in ⌬mntP cells with the indicated plasmids
Mid-exponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector, pBAD24-MneA (pJS4B), or pBAD24-Alx (pJS2B) were diluted into LB containing 0.2% arabinose, and 150 g/ml ampicillin and grown for 2.5 h. Cells were harvested, washed, dried, and used to measure metal levels via ICP-MS. Intracellular metal concentrations were calculated by normalizing metal amounts by total protein levels to correct for mean cell volume. Data are the average of two trials with the indicated range. Analysis of manganese exporters across bacteria together, these results suggest that Alx increases manganese levels and contributes to cell growth during conditions when the amount of manganese is important but that its mechanism of action is not primarily through manganese export, as for MntP and MneA.
Plasmid
Discussion
In this study, we investigated the structure-function relationship of the MntP manganese exporter with other known or predicted export proteins. A combination of computational and experimental approaches was used to define critical amino acids for MntP activity. These assays were also used to characterize other predicted manganese export proteins. We confirmed one protein as a manganese exporter (MneA) with an orthologous function to MntP and, conversely, showed that a related candidate protein (Alx) does not export manganese under similar conditions.
Identification of acidic residues critical for MntP function
First, we identified important residues for manganese efflux by the MntP exporter, summarized in a model derived from the computational analyses ( Figs. 2A and 9A) . As observed previ- Figure 7 . Mutations in conserved charged or polar amino acids impair MneA activity and lead to manganese sensitivity. A, epitope-tagged MneA mutants display manganese resistance similar to that of the untagged constructs. 10-fold serial dilutions of mid-exponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector, pBAD24-MneA from V. fischeri (pJS4B), or pBAD24-MneA from V. fischeri with the specified amino acid mutations were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . The mutant pBAD24-MneA plasmids were: pEM9 (E19A), pEM11 (E116A), pEM16 (D22A), pEM24 (D22A,K23A), pEM28 (D119A), and pEM43 (D119A,T121A). B, 10-fold serial dilutions of mid-exponentialphase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector, pBAD24-MneA-SPA (pKS10), or pBAD24-MneA with the specified amino acid mutations were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . The mutant pBAD24-MneA-SPA plasmids used were: pLW179 (E19A), pLW180 (E116A), pLW181 (D22A), pLW182 (D22A,K23A), pLW183 (D119A), and pLW184 (D119A,T121A). C, Western blot analysis of MneA-SPA protein levels produced from ⌬mntP cells (MS047) shown in A bearing the pBAD24 empty vector, pBAD24-MneA-SPA (pKS10), or pBAD24-MneA-SPA with the amino acid mutations specified in B. For all panels, the data are representative of at least three independent experiments.
Analysis of manganese exporters across bacteria
ously, the Asp-16 and Asp-118 amino acids of MntP are among the most conserved in the entire protein (21) . The striking conservation of negatively charged amino acids in the center of transmembrane regions led to the prediction that these amino acids would be required for function, and indeed mutation of Asp-16 or Asp-118 completely abolishes MntP activity. These amino acids likely create a negatively charged conduit for manganese in the membrane to export the ion from cells. Three other negatively charged amino acids (Glu-35, Glu-47, and Glu-167) are also important for MntP activity. In some MntP orthologs, these residues are polar, suggesting that they could potentially facilitate the formation of an aqueous binding pocket for manganese. Two of these residues are located in the predicted cytoplasmic loops, which could help capture manganese from the cytoplasm. Although His residues are known to coordinate manganese in other proteins, the two His amino acids we examined did not contribute to MntP function. We also investigated the role of the highly negatively charged linker between the two trihelical ancestral domains, which we initially hypothesized might serve as a cytoplasmic capture site for manganese. However, this region is poorly conserved in sequence and length when compared across MntP homologs from diverse bacteria. Consistent with this lack of conservation, mutations in this region did not affect MntP activity.
Characterization of the MneA manganese exporter
Using the genomic linkage to the known Mn-responsive yybP-ykoY riboswitch regulatory element, we characterized a manganese exporter in the UPF0016 family of proteins. Interestingly, eukaryotic members of the UPF0016 have been recently implicated in human disease. The human representative of this family, TMEM165, is disrupted in the autosomal recessive congenital disorder of glycosylation type 2K, which often manifests as mental and growth retardation (40) . The deletion of the yeast ortholog Gdt1 results in sensitivity to high A, the Alx protein cannot complement the manganese sensitivity growth defect of the ⌬mntP strain. 10-fold serial dilutions of mid-exponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector, pBAD24-MntP (pLW132), or pBAD24-Alx (pJS2B) were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . The pBAD24 and pBAD24-MntP control data are also presented in Fig. 1A . B, mid-exponential-phase cultures of the strains from A were diluted back into LB medium containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 , and cell growth was monitored after 6 h. C, 10-fold serial dilutions of mid-exponential-phase cultures of ⌬mntP cells (MS047) bearing the pBAD24 empty vector or pBAD24-Alx-SPA (pKS11) were spotted onto LB plates containing 0.2% arabinose, 150 g/ml ampicillin, and the indicated amounts of MnCl 2 . D, Western blot analysis of Alx-SPA levels produced from ⌬mntP cells (MS047) shown in C. E, cells ectopically producing Alx under conditions of oxidative stress show a pronounced growth defect similar to those producing MntP. Exponential-phase cultures of ⌬mntP ⌬ahpCF ⌬katG cells (RDZ5) bearing the pBAD24 empty vector, pBAD24-MntP (pLW132), or pBAD24-Alx (pJS2B) were grown in M9 minimal medium with 0.2% arabinose and 150 g/ml ampicillin. For B, the error bars indicate the standard deviations from three replicates of one experiment. For all panels, the data are representative of at least three independent experiments.
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concentrations of Ca 2ϩ , which is complemented by over-expression of human TMEM165 (41) . However, the actual ion transported by them has not been conclusively demonstrated (40, 41) . The Vibrio mneA gene did not confer resistance to calcium in E. coli (data not shown). Moreover, another eukaryotic member of the family PAM71 from Arabidopsis thaliana has been shown recently to play a role in the sequestration of manganese in chloroplasts (42) . We also note that while this work was in progress, an independent study has demonstrated that the UPF0016 family protein from Vibrio cholerae functions as a manganese exporter (36) . In light of these results and our current findings, it is possible that manganese transport is the primary role of this entire family.
Both MneA and MntP belong to a specific clade of the LysE superfamily along with other families of transporters implicated in heavy metal resistance. This clade is characterized by the striking conservation of an acidic residue within the first TM helix and has emerged from an ancestral 3TM domain. The duplication of this domain is widely observed across the clade, although the MneA family features some versions with a single copy. This implies that in the 6TM versions the two 3TM dyads would necessarily be oriented in the opposite direction. It is possible that this orientation places the conserved acidic residues from the two copies of the 3TM domain in an appropriate configuration to allow metal export. The presence of multiple heavy metal resistance families within this clade of transporters, which have diversified primarily in bacteria, suggests that they all radiated as part of the emergence of resistance to multiple heavy metals and metalloids.
Overall in prokaryotes the function of manganese transport has been roughly evenly split between the two families of transporters that share an ancient common ancestry: MntP is found in 28.7% of organisms from a diverse set selected from across the prokaryotic superkingdoms, and 24% of them (mutually Analysis of manganese exporters across bacteria exclusively) possess MneA (Fig. 9B) . However, within major prokaryotic lineages there are significant differences in their distributions. For instance, 35% of the proteobacteria possess MntP and ϳ29% possess MneA, whereas in firmicutes, MntP is the clearly dominant transporter, with 42% of the organisms possessing it in contrast to just ϳ7% with MneA. Strikingly, in the other major Gram-positive clade, the actinobacteria, this distribution is inverted, with 58% possessing MneA and just 15% possessing MntP. This points to a clade-specific preference for one family of exporter over the other. Although MntP and MneA show a strong tendency for exclusion with respect to each other, neither of them presents such an exclusionary relationship with CtpC or MntE. Around 75 and 76% of the prokaryotes in our survey, respectively, coded for a CtpC-related P-type ATPase and MntE-like CDF transporter in their genomes, including two recently characterized Bacillus subtilis CDF-family manganese exporters (43) . Strikingly, neither of these transporters ever showed a linkage to the yybP-ykoY riboswitch. These observations strongly suggest that the CtpC and MntE exporters perform distinct roles in metal export, perhaps in a more generic capacity than MntP or MneA.
Characterization of the Alx protein
Of the families belonging to the higher-order clade of the LysE superfamily identified here, certain members of the TerC family typified by the eponymous protein have been implicated previously in export of the heavy metalloid tellurium (44) . However, the versions of this family prototyped by Alx have remained enigmatic. A large fraction of the Alx-like TerC family genes are associated with the manganese-sensing yybP-ykoY riboswitch. In bacteria where terC is not associated with the riboswitch, the Alx-like TerC domains are fused to a CorC domain, which we predict to be a metal-binding domain, based on sequence and structure analysis. In Salmonella typhimurium, a protein with the CorC domain has been implicated in resistance and efflux of cobalt and magnesium (45) . Together, these observations predict a role for the TerC family in coping with metal toxicity.
Here, we have provided the first phenotypic and biochemical evidence examining the role of the Alx protein in manganese homeostasis. Although alx levels are induced by manganese, expression of the Alx protein could not restore growth to the ⌬mntP strain in the presence of MnCl 2 in LB medium. Nevertheless, like MntP and MneA, which caused decreased intracellular manganese levels, Alx expression led to a growth defect in a ROS-sensitized strain background that requires high levels of manganese for growth. However, in contrast to MntP or MneA, expression of Alx led to increased levels of intracellular manganese. This is paradoxical because higher intracellular manganese levels are required for a robust ROS response, and Alx increased manganese levels, yet its overproduction led to ROS toxicity. Taken together, these observations suggest that although Alx does not directly export manganese, it might play a distinct, rather unexpected role in the response to manganese toxicity. One possibility is that its metal transport activity has a specialized sensory function. In this context, it is notable that all of the known bacterial sensors for manganese, including riboswitches and the metal-binding motifs of the Fur family of transcription factors, are located intracellularly. This would imply that to effectively and preemptively sense a potential threat from rising external manganese concentrations, the metal needs to be first imported to prime the intracellular sensors to up-regulate genes involved in the manganese response. Our observations suggest that Alx could play such a role. Another not mutually exclusive possibility is that Alx may increase intracellular manganese levels to maintain preparedness for the ROS response in specific conditions, such as high alkalinity. It is clear that cells carefully monitor the level of intracellular manganese and have many layers of regulation for proteins involved manganese homeostasis (e.g. the MntR-mediated transcriptional and riboswitch-mediated translational control of MntP expression in E. coli). In this context, Alx may provide yet another mechanism to control manganese levels.
Experimental procedures
Strains and plasmids
The strains, plasmids, and oligonucleotide primers used in this study are listed in Tables S1, S2 , and S3. Chromosomal deletion strains were generated using pKD4 via mini-Red recombineering (46, 47) . Deletion constructs were moved into other genetic backgrounds by P1 phage transduction. When needed, the kanamycin resistance marker was removed via the Flp recognition target (FRT) sites with pCP20 (48) .
Plasmids were generated by amplifying the open reading frames for mntP, mneA, and alx by PCR from bacterial chromosomal DNA. The products were digested with EcoRI and HindIII and ligated into similarly digested pBAD24 (49) . Sitedirected mutations were produced in the resulting plasmids via PCR with primers containing mutations in the center of the sequence using Pfu Turbo DNA polymerase as described previously (15) . Epitope-tagged constructs used the SPA tag from pJL148 (50) . A KpnI site was added just before the stop codon of MntP and the SPA epitope tag preceded by a linker containing the PreScission protease site (LEVLSQGP) was inserted on the C terminus of MntP. Epitope-tagged MneA and Alx were created using the HiFi DNA assembly cloning kit (New England Biolabs). The PreScission linker and SPA epitope tag were inserted on the C termini of MneA and Alx. The resulting MntP-SPA and MneA-SPA constructs were less active than the untagged MntP or MneA but could still partially rescue the manganese sensitivity defect of the ⌬mntP strain.
E. coli cultures were routinely grown in LB or M9 minimal medium (Difco) with 150 g/ml ampicillin, 30 g/ml kanamycin, 0.2% D-glucose, or 0.2% L-arabinose as needed. LB medium was buffered with 0.1 mM Bistris propane to the indicated pH values.
Manganese sensitivity assays
The ⌬mntP strain (MS047) bearing the pBAD24 empty vector or indicated plasmids was grown overnight at 37°C in LB-ampicillin, diluted 1:2000 into LB-ampicillin, and grown for 2.5 h to an A 600 of ϳ0.25. Arabinose was added to induce gene expression, and cells were grown for 30 min. Several assays were then used to demonstrate the reproducibility and significance of the growth defects. For the semiquantitative platebased spot assays, aliquots of 3 l of 10-fold serial dilutions
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were spotted onto LB plates with ampicillin and arabinose containing the indicated concentrations of MnCl 2 . Each spot represents the effect of 1 order of magnitude. For the plate-based colony-forming unit assay, 10-fold serial dilutions of three independent cultures were made, and 100 l of the appropriate dilution for each culture was plated on duplicate LB plates with ampicillin and arabinose containing the indicated concentrations of MnCl 2 . For the liquid growth assays, after growth of three independent cultures in LB-ampicillin-arabinose for 30 min, the strains were diluted back to an A 600 of ϳ0.003 in LB-ampicillin with arabinose, and the A 600 was measured every hour. Full growth curves were performed (Figs. S2-S5) as described in the supporting Experimental procedures. For clarity, a 6-h time point was chosen to present (Figs. 1C, 3B , 6B, and 8B).
H 2 O 2 sensitivity assay
The ⌬mntP ⌬ahpCF ⌬katG strain (RDZ5) bearing the pBAD24 empty vector or indicated plasmids was initially grown overnight at 37°C in M9 -glucose-ampicillin containing 10 M MnCl 2 and 10 mM pyruvate to provide protection against the high-internal cellular levels of H 2 O 2 . Cells were diluted to an A 600 of ϳ0.002 in 20 ml of the same medium and grown overnight at 30°C to obtain log-phase cultures. Cells were washed twice in M9 medium to remove glucose and resuspended in 20 ml of M9 -arabinose-ampicillin lacking MnCl 2 or pyruvate. If needed, cultures were normalized to an A 600 of ϳ0.1. Growth was followed by monitoring A 600 at 37°C.
Western blot analysis
For Western blot analysis, an aliquot of cells grown for the manganese sensitivity assay was collected by centrifugation immediately before cells were spotted onto plates. Cells were lysed by resuspension in 1ϫ SDS loading buffer with 100 mM dithiothreitol by heating at 37°C for 30 min. Incubation at this temperature greatly decreased MntP aggregation and increased the amount of MntP protein that migrated into the gel for detection. The whole-cell lysate corresponding to ϳ0.03 A 600 units of cells was separated on 4 -20% Tris-glycine gels (BioRad) (Fig. 4) or 12% Tris-glycine gels (Figs. 6E and 8D ) and transferred to nitrocellulose membranes (Bio-Rad). To detect Alx-SPA, ϳ0.005 A 600 units of cells were used (Fig. 8D) . Membranes were blocked with 2% milk in Tris-buffered saline with Tween-20 (TBS-T) and probed with 1:1000 anti-FLAG M2-AP antibody (Sigma-Aldrich) in 2% milk-TBS-T. Signals were visualized using LumiPhos WB (Pierce).
ICP-MS for measurement of total cell-associated metal
The total amounts of cell-associated metals were quantified from 5-ml cultures that had been grown in LB-ampicillin with arabinose and, if indicated, 0.5 mM MnCl 2 for 2.5 h after dilution to ϳ0.01 A 600 . Cells were centrifuged, washed once with 10 mM HEPES, pH 7.5, containing 2 mM EDTA, washed twice with 10 mM HEPES, and dried for 1 h using a centrifuge evaporator. The dried cells were solubilized in 400 l of 30% (v/v) HNO 3 and lysed by incubating them at 95°C for 10 min of shaking at 500 rpm. ICP-MS samples were prepared by diluting 300 l of lysed cells into 2.7 ml of 2.5% (v/v) HNO 3 and run on an ELAN DRC II instrument (PerkinElmer). Metal concentrations are presented as intracellular levels after correction for mean cell volume determined from total protein content. Concentrations were calculated from the standard curve using 1-30 ppb metal stock solutions and normalized to total protein determined using a DC TM protein assay (Bio-Rad) as described (15, 33) . The data presented are an average of two trials.
Methods for computational analysis
A database of protein sequences from 2726 complete prokaryotic genomes (National Center for Biotechnology Information, National Institutes of Health, Bethesda, MD) was searched iteratively using the PSI-BLAST program with E. coli MntP and the V. fischeri MneA proteins as the query and with a positionspecific scoring matrix (PSSM) inclusion expectation (E) value threshold of 0.01 (51). The searches were iterated until convergence (52, 53) . Transmembrane regions were predicted in individual proteins using the TMHMM2.0 and Phobius programs with default parameters (54, 55) . Multiple alignments were constructed using the Kalign program followed by manual correction based on PSI-BLAST results (56, 57) . All large-scale sequence analysis procedures were carried out using the TASS package developed by our group. 6 Protein secondary structure was predicted using a multiple alignment as the input for the JPRED program (58) . Similarity-based clustering of proteins was carried out using the BLASTCLUST program.
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